Frame and Carpenter (1979) analysed the pattern of international research collaboration among scientific fields in 1970s. Starting from this pioneering work, this paper investigates international collaborations over 1997-2012 and compares the critical results with earlier studies to detect the evolution of collaboration patterns in different scientific fields. Empirical analysis supports two vital findings, given by: a) a relatively stable structure of international research collaborations over time across different scientific fields; b) a convergent process of collaboration patterns between theoretical and applied research fields. One important determinant of the latter result might be due to the increasing interdisciplinary nature of research fields that supports the convergence between basic and applied sciences.
Introduction
International scientific collaboration has received much attention by scholars since it is a main feature of scientific communities across different research fields 2 . Research collaboration can take place at different levels: individual researchers, research teams/labs, departments, universities, sectors and nations (Katz and Martin, 1997) . In general, by sharing knowledge and data, research collaboration improves labour efficiency in the scientific production process. Katz and Martin (1997, p. 15) claim that research collaboration is: "a crossfertilization of ideas which may . . . generate new insights or perspectives that individuals, working on their own, would not have grasped (or grasped as quickly)". Research collaborations are a rational division of scientific labour to increase the efficiency of subjects/organisations in order to achieve fruitful results in shorter time (Coccia, 2014a) .
De Solla Price (1963) was a pioneer in measuring collaborations via multi-authored articles.
These have been widely recognised as forming the most useful and apt scientific indicator for measuring and evaluating research collaborations (cf. de Solla Price and Beaver, 1966; van Raan, 1988; Egghe, 1991; Luukkonen et al., 1993; Stokes and Hartley, 1989; Glänzel and De Lange, 1997) .
In economics of science, it is crucial to analyse patterns of international collaboration across different scientific disciplines in order to detect evolutionary trends of scientific fields 3 . Frame and Carpenter (1979) have analysed, considering 1973 data, the patterns of international research collaborations of some scientific fields. Starting from this pioneering work, the purpose of this paper is to investigate the recent international co-authorships of research institutions and to compare the results with earlier studies in order to detect vital characteristics concerning the basic structure and evolutionary dynamics of different scientific fields over time.
Theoretical background and related studies
Beaver and Rosen (1978) argue that scientific collaboration is not a modern feature of scientific fields, since the early collaborations appeared during the scientific revolution of the 17 th and 18 th centuries. In fact, Beaver and Rosen (1978, pp. 73-74 ) consider a historical bibliography of papers before 1800 and show that the earliest collaborative papers were from 1665 by joint researches among Hooke, Cassini and Boyle. According to these scholars, the beginning of scientific collaboration represents a response to the "professionalization of science" (Beaver and Rosen, 1978, p. 65) . Puuska et al. (2014) argue that in current economies both international and domestic copublishing have increased during the last decades in all scientific fields. Georghiou (1998, pp. 613-616) shows a huge increase in the number and share of collaborative papers between the European Union and other industrialised countries (e.g. Australia, Canada, Japan, New Zealand, Korea and USA) over 1985-1995. Modern society endows international collaboration with a new feature of scientific vitality.
Various motives for performing collaborative research have been discussed, including access to high-tech equipment or facilities, sharing skills and specific materials, as well as enhancing scientific visibility and recognition (Beaver and Rosen, 1978, p. 70) . In recent decades, scientific collaboration has also increased due to the complexity and high cost of scientific research concerning 'big science' (Hand, 2010; Katz and Martin, 1997; De Solla Price, 1986) as well as to the growing importance of new multidisciplinary fields (Jeong et al., 2011; Van Leeuwen and Tijssen, 1993) . In addition, the rapid growth of Information and Communication Technologies (ICTs), the improvement of transportation technology together with the reduction of cost have also greatly facilitated scientific communication and "the rise of research network" (Adams, 2012; cf. Katz and Martin, 1997) . Laudel (2001) argues that most research collaborations start with a face-to-face meeting in fruitful environments such as conferences, congresses, symposium, research labs, etc. (cf. Bozeman, 2004: Latour and Woolgar, 1979) .
International collaboration intensity tends to vary greatly among different scientific disciplines, with the highest frequency of co-authored scientific research in astronomy. In fact, joint research in astronomy seems to be driven by the necessity of sharing equipment and data in observatories (Beaver and Rosen, 1978) . Frame and Carpenter (1979) , using data from the 1973 Science Citation Index concerning journals in all scientific fields and a sample of key countries, show the highest international collaboration intensity in earth & space sciences and physics, but the lowest intensity is in engineering. Luukkonen et al. (1992) , considering data of the year 1983, show similar results: higher collaborations are also in earth and space science, mathematics and physics.
In general, the analysis of the patterns of international research collaboration is of great scientific interest to understand the nature and evolution of different scientific fields. This study tackles this issue and aims to pinpoint vital characteristics of scientific collaboration that support the structure and evolutionary patterns of research fields.
Data and study design

Data collection
This study focuses on international research collaborations in scientific fields based on article counts from the set of journals covered by the Science Citation Index (SCI) and Social Sci- The research fields of the study are listed in Appendix A, whereas the international coauthored papers across scientific fields are analysed considering a sample of forty countries (listed in Appendix B). Scientific publications produced by these forty countries accounted for 97% of the worldwide total output in the studied period. This study also considers a subset of 11 Western countries and 9 research fields in order to provide results comparable with the study by Frame and Carpenter (1979) . The 11 countries yielded in the 1996 about 65% of the worldwide production of scientific articles, and this share declined to 51% in 2011 likely due to the fast growth of scientific production by China.
Methodology
First of all, this study computes per scientific field i the total intensity of internationally coauthored papers (ICP it) during the period 1997 -2012. The formula is given by:
(1)
Where i= scientific field (cf. Appendix A); t =1997, …, 2012.
 Dynamics of collaboration patterns. The temporal evolution of collaboration patterns across scientific fields is examined by regression analysis. Ordinary Least Squares Frame and Carpenter (1979) and Luukkonen et al. (1992) . To put all the ICP it values from different studies in a comparable framework, we standardise the intensities as follows: (2) where Z it = Standardised value of ICP it ICP it = Intensity of internationally co-authored papers per research field i at year t μ t = the arithmetic mean of the ICP in all fields at year t σ t = the standard deviation of the ICP in all fields at year t The absolute value of Z it represents the distance between the raw score ICP it and the mean in unit of the standard deviation. Z it is negative when the raw score is below the mean, positive when it is above. A zero value of Z it indicates that the raw intensity is equal to the arithmetic mean.
In addition, this study applies a non-parametric measure of association (Spearman's rho ) and Pearson's coefficients of correlation to analyse the ranking and distribution of the intensity of internationally co-authored papers among scientific disciplines over time (ICP it per research field i at t).
Spearman's rho  for a sample of size n is:
where the difference between ranks, and n is the size of sample.
The Pearson's correlation coefficient is r:
 xy is covariance between X and Y,  x and  y are standard deviation.
 Dynamics of collaboration patterns. To examine the relative variability of collaboration intensity in different fields over time, this study also applies the Coefficient of Variation (CV t ) given by:
where:
CV t is the coefficient of variation at year t μ t is the arithmetic mean of the collaboration intensities in all research fields at year t σ t is the standard deviation of collaboration intensities in all research fields at year t
The comparison of coefficient variation values in different time periods reveals the dynamics of the degree of variation. An increasing CV indicates that the collaboration performance across all fields is divergent, whereas a decreasing CV shows a convergence trend.
Statistical analyses are performed by Statistics Software SPSS version 15.0. 
Empirical analyses
Trends of international research collaboration intensity
Structure of international research collaborations across scientific fields
The structure of collaboration pattern across scientific disciplines is examined by hierarchical clustering. Figure 2 shows three basic groups of the under studied 13 scientific fields: The main characteristics of these three groups are as follows.
First, theoretical fields (group 1 and 2) have a higher intensity of international collaborations over time (see also in Fig. 1 ). Research in these fields focuses mainly on general scientific and technological problems.
Second, contrary to theoretical fields, applied sciences (in particular engineering, human and social sciences, i.e. group 3), which focus on local and specific technical problems (contextdependent issues), have lower international collaboration intensity. This result is in line with the argument by Allen et al. (1979, p. Despite the general acceleration in scientific collaboration intensity of all research fields, as shown in Figure 1 , an interesting observation is that Astronomy, Physics and Mathematics tend to have higher intensity throughout the period 1997-2012; vice versa Chemistry, Engineering and Psychology have lower intensity. In order to further investigate the long-run evolution of international collaboration patterns among research fields, this study combines its results with those by Frame and Carpenter (1979) and Luukkonen et al. (1992) . Standardisation Z is applied to all collaboration intensities in order to make them comparable (see Methodology section for details). Results of the standardisation are reported in Table 2 and Table   C1 in Appendix. Table 2 shows the comparison of the results of this study with those by Frame and Carpenter (1979) and Luukkonen et al. (1992) . Although these studies were performed in periods with different socio-economic and technological contexts (i.e. in 1973, 1983 and 1997-2012 period) , the results have a great degree of similarity. Patterns of international research collaboration concerning scientific fields seem to have a rather stable structure in their evolutionary pathways. In other words, some disciplines persist with a higher intensity of international re-search collaboration over time (e.g. Physics), vice versa Engineering and Clinical medicine. Note: 1) ***Correlation is significant at the 0.01 level (2-tailed);** Correlation is significant at the 0.05 level (2-tailed). 2) This study covers data over 1997 -2012 period.
These findings reveal that, despite the fast growth of international co-authorships in different disciplines, the structure of collaborative research across scientific fields in their evolutionary pathways tends to be unchanged (stability of scientific structure). That is, the rank of the intensity of collaboration patterns across research fields in 2012 is similar to that of 40 years ago.
Evolutionary convergent process of international research collaboration patterns between theoretical and applied sciences
This study has standardised the collaboration intensity across disciplines to put various results in a comparative analytical framework (see Table 2 and Table C1 in Appendix C). Table 2 and   Table C1 in Appendix C.
By classifying all fields into two major groups, i.e. theoretical and applied sciences, Figure 5 presents the evolutionary dynamics of these binomial macro-collaboration patterns. A vital observation is the clear evolutionary convergence between pathways of theoretical and applied sciences. This convergence is even more pronounced if the outlier field of Astronomy is excluded (cf. Fig. 4 ). . The convergence can be further analysed by the coefficient of variation (CV), which declines constantly, both in the first case with all fields and in the second case without Astronomy (Table C2 in Appendix). The continuously decreasing variance of international research collaborations confirms the strong long-run convergent process in collaboration patterns across scientific fields. 4 As indicated in the Methodology section, a zero-Z standardised value indicates that the collaboration intensity is equal to the arithmetic mean. Table 2 and Table C1 In short, evolutionary pathways of collaborative research in different fields have a stability of structure: high collaboration intensity in theoretical research fields and lower intensity in applied ones persist over time (cf. Tijssen, 2010) . However, in the long run, the gap is diminishing by an on-going process of evolutionary convergence of collaboration pattern between theoretical and applied sciences.
Explanation of convergence process and possible determinants
The convergent process of collaboration pathways across scientific fields is due to the underlying dynamics of high growth rates in applied research fields (e.g. Medical sciences and Psychology) and lower growth rates in theoretical ones (e.g. Mathematics and Physics).
Potential determinants of this convergence of collaboration pattern, with diminishing gap between applied and theoretical sciences, can be due to: a) the increasing interdisciplinarity of current research fields, and b) very strong impact of emerging transversal disciplines (e.g. nanoscience and molecular biology-cf. Coccia, 2014) . These two factors are closely connected. In particular, the evolution of science and technology has supported the emergence of new disciplines by either from one specific discipline or through the combination of multiple scientific fields (cf. also Jamali and Nicholas, 2010; Riesch, 2014) . US National Research
Council (2014) states that interdisciplinarity is a key element to spur breakthroughs by research teams with both theoretical and applied scientists. In recent decades, some new scientific fields have been established with an intrinsically interdisciplinary nature, such as nanoscience, nanotechnology, biotechnology, cognitive science, computational biology, bimolecular physics, bioengineering, etc. (cf. Jeffrey, 2003; Wang et al., 2013; Roco and Bainbridge, 2002; Van Raan, 2000; Wagner et al., 2011) . Battard (2012) argues that emerging scientific fields, such as nanotechnology, involve several disciplines around the same complex problem: " laboratories are technological hubs through which scientists converge from multiple scientific backgrounds" (Battard, 2012, p. 235) . In addition, traditional disciplines, such as Chemistry and Physics and Biology have been shown to be highly interdisciplinary as well (Silva et al. 2013; Boyack et al.,2005; Carley and Porter, 2012) . The characteristic of interdisciplinarity in both emerging and traditional scientific fields, in the light of "big science"
challenge, tends to induce converging pathways of research patterns between different scientific fields -including their patterns of international collaborations -for the solution of complex problems necessary to the modern societies and economies (cf. Coccia, 2014; Tijssen, 2010) .
Lessons learned and concluding observations
The collaboration pattern of global scientific research is a topic of great interest for scholars in different disciplines (Frame and Carpenter, 1979; Beaver, 2001; Newman, 2001; Barabási et al., 2002; Tomassini and Luthi, 2007) . This study provides insights on the main characteristics of the evolutionary process in international research collaborations across research fields. Some vital observed facts of this study can be summarised as follows: Storer, 1970; Beaver and Rosen, 1978; Frame and Carpenter, 1979; Luukkonen et al., 1992) . In addition, the high intensity of collaborations in basic science is also due to the need of sharing main scientific equipment, infrastructures and facilities to advance theoretical knowledge (cf. Latour, 1987; Latour and Woolgar, 1979) . Instead, some applied research fields, such as social sciences or engineering, tend to have a low intensity of international research collaboration due to their nature of aiming at local issues, which are mainly contextdependent problems (Crane, 1972; Frame and Carpenter, 1979; Luukkonen et al., 1992; Coccia, 2014) . In sum, despite the fast growing intensity of international collaborations in different scientific disciplines, the general collaboration structure has remained unchanged. The nature of academic disciplines is the primary factor in determining the patterns of international research collaborations. In the evolutionary process of science, however, the gap of research genres between theoretical and applied sciences has been significantly narrowed down over time. 
